In this paper we present integral cross sections ͑in the 5 -220 meV collision energy range͒ and rate constants ͑in the 100-300 K range of temperature͒ for the F + HD reaction leading to HF + D and DF + H. The exact quantum reactive scattering calculations were carried out using the hyperquantization algorithm on an improved potential energy surface which incorporates the effects of open shell and fine structure of the fluorine atom in the entrance channel. The results reproduce satisfactorily molecular beam scattering experiments as well as chemical kinetics data for both the HF and DF channels. In particular, the agreement of the rate coefficients and the vibrational branching ratios with experimental measurements is improved with respect to previous studies. At thermal and subthermal energies, the rates are greatly influenced by tunneling through the reaction barrier. Therefore exchange of deuterium is shown to be penalized with respect to exchange of hydrogen, and the isotopic branching exhibits a strong dependence on translational energy. Also, it is found that rotational excitation of the reactant HD molecule enhances the production of HF and decreases the reactivity at the D end, obtaining insight on the reaction stereodynamics.
I. INTRODUCTION
In the last two decades since the crossed molecular beam study in Lee's laboratory, 1 the reaction of the fluorine atom with molecular hydrogen has offered an unprecedented opportunity for comparing reaction rate information obtained from quantum mechanical reactive scattering calculations with experimental measurements. 2 Besides its relevance for chemical lasers, this reaction has played a very important role in the development of exact and approximate methodologies to study the chemical reactivity at the most detailed level, and nowadays it is used as a textbook example of elementary chemical reactions. Recently several studies ͑Refs. 2 and 3 and references therein͒ have provided a detailed understanding of how electronic structure governs chemical reactivity in the gas phase by establishing a bridge between the potential energy surface and the kinetic observables, such as cross sections ͑the most detailed quantities measured in molecular beam experiments and obtainable from first-principles calculations of reactive collisions͒ and rate constants, of prime importance for chemical kinetics and its applications. 3 In this paper, we focus our attention on the isotopic variant, the F + HD reaction, which offers us the unique occasion to tackle by exact quantum dynamics the basic problem of the energy and temperature dependence of the intermolecular kinetic isotope effect for the branching ratio of the reaction leading to the products HF or DF. Already since the 1985 experimental study, again from Lee's laboratory, 4 the F + HD reaction was suggested to be the isotopic variant of the F+H 2 family exhibiting the largest quantum effects. This was argued on the basis of simple kinematic arguments. A three-dimensional quantum reactive scattering calculation for this reaction at the energies of this experiment was performed only 13 years later, 5 and stronger evidence of quantum mechanical effects was observed lowering the collision energies. 6 In this latter work a clear resonance around 0.52 kcal/ mol was documented by a molecular beam experiment as well as in quantum calculations on the potential energy surface ͑PES͒ of Ref. 7 ͓Stark and Werner ͑SW͒ PES in the following͔. Further experimental studies 8, 9 in the low collision energy range have shown an interesting role of this resonance also on state-to-state observables, such as rotational selected differential cross sections and rotational product distributions. Such rotational selected fingerprint of resonance behavior is another important distinguishing feature with respect to the F + H 2 isotopic variant. 10 This feature of the F + HD reaction is also very attractive from a more fundamental point of view, because it has been shown 11 that it provides an ideal setting for an extensive quantum control in chemical reactions, namely, the ability through laboratory parameters to completely suppress or maximally enhance a particular arrangement channel by manipulating quantum interference contributions. Previous theoretical results, 6 although in only qualitative agreement with experiment with respect to the shape and position of the steplike resonance behavior, overestimate its height by a factor as large as 2: it remains unclear whether the reason of this disagreement arose from the neglect of possible contribua͒ Author to whom correspondence should be addressed; also at Istituto di Metodologie Inorganiche e dei Plasmi-C.N.R., 70126 Bari, Italy; electronic mail: dario@dyn.unipg.it tions of nonadiabatic effects in the entrance channel or from known minor inaccuracies of the PES in the exit channel region. 5 Concerning rate constants, time dependent close coupling calculations 12 indicated the need of further work regarding the isotopic ratio and this using both SW PES and a more recent one, 13 which incorporated the role of openshell and spin-orbit effects. All these calculations were carried out adiabatically, i.e., on a single PES. Extensive studies of nonadiabatic effects in the dynamics of F+H 2 reaction 14 demonstrated that their role was small, but the inclusion of the fine structure splitting appeared to lead to an increase in the reaction barrier giving a smaller reactivity with respect to the experimentally measured values. However, subsequent nonadiabatic calculations performed on the F + HD system both by time dependent 15, 16 and time independent approaches 17 have shown that the open-shell structure of the fluorine atom has a stronger influence on F + HD than it does on the F + H 2 isotopic variant.
Comparison with the experiments suggested that an adjustment of the energy scale was required in order to reproduce the energy position of the resonance feature.
Relativistic effects, such as the spin-orbit interaction of the open-shell F atom in the entrance channel, are very hard to be treated with ab initio approaches, so that uncertainties are to be expected in these PESs. A few years ago we have suggested 18 Quantum reactive scattering calculations on potential energy surfaces provide state-to-state differential and integral cross sections as well as rate constants for both channels of the reaction of fluorine atoms with HD molecules. In this paper, we focus on reaction integral cross sections and rate constants. Results are found to reproduce satisfactorily experimental data for the two channels, 6, 22 validating the PES III description of the reaction entrance channel. Comparison with experimental results will provide further insights on improvements on the potential surface, particularly in the exit channel. In Sec. II, we describe briefly the hyperquantization algorithm. The main results are presented and discussed in Sec. III. Conclusions are given in Sec. IV.
II. THEORETICAL AND COMPUTATIONAL DETAILS
Quantum mechanical calculations of reaction dynamics are carried out using the hyperquantization algorithm amply described in Refs. 23 and 24. This exact treatment of an elementary chemical reaction as a quantum mechanical three body problem has been applied also to the study of the prototypical ion-molecule reaction He+ H 2 + → HeH + +H. 25 Within the framework of the hyperspherical coordinates approach to reaction dynamics, we solve the Schrödinger equation at fixed values of the hyper-radius using the discrete analogs of hyperspherical harmonics as basis functions. The eigenvalues as a function of the hyperradial variable define the effective potentials employed in the propagation step for the solution of the multichannel reactive scattering problem. The discrete analogs of hyperspherical harmonics are orthogonal polynomials of a discrete variable, closely related to the vector coupling coefficients of angular momentum theory. 26 The kinetic energy is represented in this basis, and the potential is diagonal on a grid on the hypersphere-a feature similar to discrete variable representations.
This time independent close coupling method generates, for a specific energy E, total angular momentum J and for each value of the inversion parity, the entire scattering matrix S J ͑E͒, whose square modulus elements are state-to-state reaction probabilities. The total integral cross section as a function of the relative translational energy of reactants, ͑E͒, is obtained as follows:
Here, f n is the fraction of the total number of collisions that occur with the colliding particles in the initial state denoted by n and nn Ј , which are state-to-state integral cross sections,
where is the reduced mass of the reactants, g n is the initial state degeneracy factor, and the square modulus of the scattering matrix elements ͉S nn Ј J ͉ 2 are reaction probabilities from the reactant state n to the final product state nЈ. Rate constants are calculated summing state-to-state reaction probabilities over initial and final states accessible to the system at a given energy and averaging over the MaxwellBoltzmann distribution of the initial translational energy. The bimolecular rate constant k as function of temperature T is given by
with R being the gas constant. Four projections ⍀ ͑helicities͒ on the least inertia principal axis of the total angular momentum J were taken into account in the calculations. The truncation error introduced by this choice was less than 0.5% for the total integral cross sections with initial j ഛ 3. However, for j = 4 this error increases and therefore we do not use j values higher than 3 in the summations giving rate constants. The number of the calculated adiabatic states are 350, 336, 322, and 308 for ⍀ = 0, 1, 2, and 3, respectively. Convergence tests were made on the J = 0 reaction probabilities. The maximum values of the vibrational quantum number in the asymptotic channels corresponding to this choice were 1, 4, and 6 for HD, HF, and DF, respectively. The remaining parameters required in the propagation step have been taken as in Ref. 18 for the F+H 2 reaction. The maximum number of total coupled channels propagated was 1316 for total angular momentum larger than 4. Since this is the first application of our algorithm to an A + BC asymmetric system, we have checked carefully the accuracy of our implementation comparing differential and integral cross sections using SW PES with those that we obtained running the ABC code 28 at selected collision energies. A very satisfactory agreement was recorded at the same level published in Ref. 18 for the H 2 isotopic variant.
Input parameters for the hyperquantization algorithm used in the production runs are given in Table I as a function of the hyper-radius . The meaning of these parameters and the convergence criterion has been given in Refs. 24 and 27 and will not be repeated here. In the first and second columns, values I and N of total grid points for the hyperangles ⌰ and ⌽, respectively, 23 are listed. In the last column we report the dimension D of the Hamiltonian matrix for ⍀ =0 resulting from the reduction according to the sequential diagonalization scheme described in Ref. 27 . These numbers can be taken as an indication of the computational effort required for the calculation of the adiabatic eigenfunctions with our method. However, it is important to note that the structure of the matrices is different for the values of smaller and larger than 4.6a 0 , for which two alternative sequential diagonalization schemes were adopted. 27 In particular, the Hamiltonian matrix is full above this value ͓where a V max = 2.9 eV ͑Ref. 24͒ was used͔, while it is block tridiagonal in the region of strong interaction. Therefore, in spite of the larger matrix dimensions at small , the use of the diagonalization method for sparse matrices based on the Lanczos algorithm permits a faster solution. The largest computational effort is therefore in the intermediate region at the border of the range of application of the two diagonalization-truncation schemes.
We computed the scattering matrix at 60 energies in the collision energy range from 5 to 270 meV relative to the ground rotovibrational state of HD. The adopted energy grid was of 1 meV in the resonance region and of 5 meV elsewhere. In order to generate fully convergent cross sections, values of total angular momentum J up to 35 ͑up to 21 for the lower limit of the energy range͒ had to be used. Rate constants were convergent within 1% with respect to these parameters. Initial rotational states until j = 3 are used in the rate constants averaging. Since in the experiment j =4 is about 2% ͑Ref. 29͒ of the total HD at the higher temperature considered in this work, on the basis of calculations performed at selected energies with ⍀ max =5 ͑see above͒, we can estimate a maximum error due to this choice of about 2%-3% for the HF channel and less than 1% for DF. The different sensitivity of the two reactive channels is due to the different dependence of the reactivity with the reactants' rotational energy, as will be documented in the next section. In the range of temperatures between 200 and 300 K this is the largest source of error in our calculations and it establishes confidence range of the values of our rate constants.
III. DISCUSSION AND RESULTS
The dynamical calculations employ a potential energy surface referred to as PES III in Ref. 3 ͑available in Ref. 30͒ . Figure 1 shows schematically salient aspects of the potential energy surface profile. Particularly under focus is the presence of a potential well that leads to a van der Waals complex in the entrance channel which is an important feature of many reactions, 31 specifically of F + H 2 . 10,32 PES III incorporates the correct entrance channel behavior 19 as known from scattering experiments of magnetically selected fluorine atoms by hydrogen molecules. 20 For reference and comparison with previous work, 6 we also performed calculations on the SW PES. 7 PES III has transition state features very similar to the SW PES, but with respect to the latter the van der Waals entrance channel well is slightly shallower and occurs on at larger reactants' distance, and the barrier width is slightly thicker on account of the spin-orbit interaction effects on the electronically adiabatic lowest surface. 18, 19 In Refs. 3 and 18, PES III was found able to satisfactorily account for several known facts about the F + H 2 reaction, including the rate constant values.
A. Integral cross sections
For this reaction, the isotopic branching ratio depends strongly on the translational energy and on the reactant rotational quantum number. Here we show in Fig. 2 the cross sections for selected initial j = 0, 1, 2, and 3 rotational states of HD, summed over all energetically permitted rotational final states of the HF and DF ͑Fig. 1͒ molecules. Such information is required to obtain, by an extension of Eq. ͑1͒, converged rotational averaged rate constants ͑see Ref. 3 for numerical details of the calculation͒ below and near room temperature. We note that the initial rotational energy has an opposite effect on the reactivity of two product channels. This emerged also in previous calculations. 12 In particular, the rotational energy increases the reactivity at the H end and decreases the DF reactivity. However, larger effects can be observed for HF than for DF, where the reactivity of j =3 at 60 meV of collision energy is more than three times that of j = 0. Moreover such an effect increases with j, while decreases in the DF case.
In Fig. 3 the behavior of the isotopic branching ratio of cross sections ⌫ ͑DF/HF͒ as a function of the collision energy is shown for the different rotational reactant quantum numbers j for both SW and PES III. In all cases, except for j = 3 for the PES III surface, ⌫ ͑DF/HF͒ dramatically decreases at collision energies lower than the barrier height ͑see Fig. 1͒ . This is expected: at low collision energies the tunneling effect favors H exchange. On the contrary at higher energies, the asymmetry of the center of mass of the HD molecule offers a wider acceptance cone at the D end favoring the reactivity to DF. The effect of the initial rotational energies on the branching is consistent with kinematic considerations within the classical mechanics framework: 33 in fact, since the center of mass of HD is closer to the D end, the rotational motion leads to a screening of the D atom by the faster rotating H atom that hinders approach of trajectories to the transition state from the D end. In Fig. 3 , we can observe that SW and PES III results have similar behavior. However, the j = 3 case is an interesting exception where low energy reactivity strongly favors the DF product. This is a marked stereodynamical effect for PES III, presumably related to the specific geometry of its van der Waals entrance channel well. An analysis in terms of the effect of helicities ⍀ on the cross sections ͑not presented here͒ shows that the increase of the isotopic branching ratio is mainly due to the highest ⍀ values. This behavior is particularly evident for j larger than 3. In the asymptotic region where the well is located, ⍀ ͑which is the projection of the total angular momentum J along the least inertia axis of the principal axis frame͒ tends to coincide with the projection of the rotational angular momentum j of HD along the atommolecule direction R. It is known ͑and our exact calculations confirm͒ that ⍀ is a nearly conserved quantity for this reaction. In the vector model in the limit of large j, the highest value of the j projection corresponds to the reactant molecule rotating in a plane perpendicular to R, enabling an insertion mechanism to reaction, favored by the van der Waals attractive forces in the entrance channel. These effects will be stronger at low collision energy, specifically for PES III where the van der Waals well is located at larger distances than for the SW PES. The insertion mechanism increases the yield of DF because the transition state from the D end has a larger Jacobi ͑attack͒ angle, 33 being the molecular center of mass closer to the D atom than to H. However, to fully understand such an effect, a stereodirected analysis should be done by an approach similar to the one used in Ref. 34 for the F + H 2 case.
For comparison with experimental cross section data, 6 the information for j = 0 and 1 is combined to give the integral cross sections shown in the upper panel of Fig. 4 . In the lower panel SW PES results are also reported. Since only relative values are experimentally given, a proper normalization is required. In the upper panel of Fig. 4 the normalization factor is taken to optimize the overall agreement between PES III calculations and experiments. It is only ϳ5% higher from the normalization factor used in the lower panel where essentially the same factor of Ref. 6 has been used. The overall agreement was found satisfactory in previous work using the SW PES, 6 although the theory yields a resonance feature around 23 meV of collision energy, slightly shifted and much more pronounced than observed in the experiments. Such a discrepancy is attenuated, but not fully eliminated by our PES III. In particular, the intensity of the resonance peak clearly agrees better with the experimental findings, but it is not so for its location, which remains nearly unchanged with respect to SW PES case. This is not surprising, being known 6 that this resonance complex is localized in the exit channel near to the transition state region, which is the same in both PESs. Also it can be noted that the experimental results show a fluctuating structure in the high and medium energy ranges that is not reproduced by calculations.
Computed integral cross sections have some oscillating behavior, but it is less pronounced than the experimental one.
In Fig. 5 product vibrationally selected integral cross sections for all the open channels of the two reactive channels calculated on the PES III are compared with experimental measurements. 35 The agreement is remarkable for all the reactive channels of both reactions, except for Ј= 3 of HF where a large and wide bimodal peak is completely missed from the theory. Comparison of Fig. 5 with the upper panel of Fig. 4 shows clearly that most of the larger differences between experiment and theory can be attributed to a poor description of the dynamics of the Ј= 3 channel of HF. These differences are not attenuated by the improvements of PES III over the SW PES in the description of the entrance channel. However, by analogy with the F + H 2 system, 10, 32 we argue that the Ј= 3 HF product channel is mainly populated by Feshbach resonance decay located in the van der Waals exit channel region, so we conjecture that the origin of these discrepancies comes from deficiencies of the potential energy surface in the exit region.
Comparison with experiments reported in the upper panel of Fig. 4 , shows only slightly better agreement than those of Fig. 5 in Ref. 17 , where nonadiabatic reactive calculations on Alexander, Stark, and Werner ͑ASW͒ PES ͑Ref. 14͒ were performed. However, this agreement further validates the reliability of PES III in describing the open-shell effects on the reaction dynamics. Moreover, in our case the comparison with experimental results has been performed with no recourse to any energy scaling of the experiment. The quality of the agreement with vibrationally resolved integral cross section shown in Fig. 5 is clearly higher than that in the corresponding figures of Ref. 17 , suggesting that the entrance channel description of PES III is more accurate than the ab initio one used in that paper. This is true especially for the Ј= 2 DF channel but also for the other reaction channels ͑Ј = 1 was not shown in Ref. 17͒. However, nonadiabatic reactive calculations show a slightly higher reactivity in Ј = 3 than for our calculations, but still at variance with the experimental behavior. Although the resonance energy region is well described in both calculations, we do not expect the same agreement in the rate constant branching ratio. In fact the rate constants obtained in Ref. 12 on the Hartke, Stark, and Werner ͑HSW͒ PES ͑Ref. 13͒ ͑a potential energy surface very similar to the ground state adiabatic PES that can be obtained by the ASW diabatic set͒ failed to give the improved agreement with experiments achieved in this paper.
B. Rate constants
Integrating ͑E͒ on a very fine energy grid we can finally generate rate constants k͑T͒ ͑Fig. 6͒. A very recent paper 22 ͑see also Refs. 12 and 29͒ reconsidered existing experimental information on the branching ratio for the two channels, and reports new measurements of their sum giving the absolute values for both isotopic channels in the 193-300 K temperature range. Figure 6 shows our results for both SW and PES III on an Arrhenius plot. No normalization is involved here: it is thus demonstrated that PES III and the exact quantum mechanical dynamics of this paper generate quantitative agreement for the rate constants for the two reaction channels of this reaction. Concerning the mechanism for the kinetic isotopic effects, our results confirm previous analysis based on classical mechanics arguments, 33 such as the role of center-of-mass shift for the rotational energy dependence, illustrated in Fig. 3 and already discussed in Sec. III A.
As established in our previous work, 3 at room temperature and below the rates for this reaction are strongly influenced by tunneling. Figure 6 exhibits how penalized is deuterium with respect to hydrogen: this is due to higher mass and also to the higher zero point energy at the transition state ͑Fig. 1͒. Very interesting is the decrease in HF production when reactivity is considered on the PES III with respect to that on the SW potential energy surface. The thicker barrier of the PES III dramatically decreases tunneling improving agreement with experiment. Other information recently available 8, 9 on differential cross sections and product rotational distributions is currently being processed according to our detailed quantum reactive scattering calculations to further assess the reliability of PES III, and specifically to indicate how to finely tune it to also improve the description of the exit channel. Numerical tables on a fine grid are available on request from the authors. Tables II and III list values at temperatures  relevant for comparison with experiments 22 and with previous close coupling time dependent calculations. 12 The level of agreement with both sets of data is impressive for the DF channel where all the given digits are exactly the same in the two SW calculations and inside the experimental error bars. For the HF production reaction, the differences between theoretical rates are slightly larger ͑between 1% and 4%, see Table III͒ . These differences are within the estimated confidence error of this work in the range between 200 and 300 K where, as we have described in Sec. II, the effect of j =4 neglected in our calculation but not in Ref.
12 is expected to be of this order of magnitude for the HF product. Nevertheless in the range of 100-200 K the accuracy of our calculation is within 1% and we cannot attribute the apparent slight differences to this effect. 
IV. CONCLUSIONS
In this paper we have presented results from a complete theoretical study of the chemical dynamics and kinetics of the F + HD reaction. Calculations are in a satisfactory agreement with experimental data.
Studying the motions of individual atoms as they interact during a reactive encounter, we have provided an explanation of the dramatic isotopic effect, observed experimentally, by making explicit reference to specific features of the potential energy surface. We have shown how the weak van der Waals interactions in the reactants' channel and tunneling through the potential barrier influence macroscopic observables, such as rate coefficients and vibrational branching ratios. These results validate the reliability of the potential energy surface used in the calculations, which has been obtained by blending the ab initio description of the transition state with a characterization of the long range potentials incorporating experimental information from the Perugia laboratory. 20 The inclusion of the latter is one of the key factors responsible of the improved agreement of the rate coefficients and the vibrational branching ratios with experimental measurements. The dependence of the intermolecular kinetic isotope effect on translational energy, rotational excitation, and tunneling through the reaction barrier has also been discussed.
Let us indicate directions along which further work is needed. The main point to be clarified is the production of HF in the Ј= 3 state, underestimated by the theory. In ample studies of resonance features for the F + H 2 reaction, 10,32 it has been concluded that, although PES III satisfactorily accounts for most of the observables which depend on the entrance channel characteristics, there are still some deficiencies in the description of the exit channel. In such a region a linear van der Waals well produces a rich long-lived resonance pattern that is very sensitive to fine details of the PES. Such resonance complexes decay preferentially into the Ј = 3 product channel, giving sharp peaks in the integral and differential cross sections, which may presumably have been experimentally averaged to give broad features. This result together with other experimental evidence of finer observable details not presented here, shows that the description of the van der Waals exit channel has to be improved in order to establish the importance of such states, even though there are some evidence that nonadiabatic effects also play a role on the resonance mechanism. 36, 37 However, the potential energy surfaces used so far miss the correct reaction exothermicity. Recently a large effort [38] [39] [40] has been spent to produce further ab initio ground potential energy surfaces with the aim of solving this problem. In particular, a new set of ab initio points 40 has generated a surface that led to a large increase of the Ј=3 HF production, in the direction required by the experiments. However, the classical barrier height obtained in that work ͑about 101 meV͒ is considerably larger than the one used in this work and in Ref. 3 ͑about 68 meV͒ so that it will be interesting to test such a surface with the cross sections and rate constant data that we have successfully interpreted in this paper and in Ref. 3 with PES III. The time independent dynamical calculations presented in this work generated for the first time the complete S matrix, including all open entrance and exit channels at the given energy, for a reaction having three different atoms: this will permit the full analysis of the microscopic steric effect by the stereodirected representation ͑as we did in Ref. 34 for F + H 2 ͒, as well as a detailed resonance analysis as a function of J by the exact ͑lifetime͒ Q matrix, also generated by our code. 10, 32 This will allow us to get further insight on the reaction mechanismparticularly on the effect of the attack angle, which is conjectured in Sec. III A to cooperate with tunneling to establish the essential features of the observed kinetic isotope effect, and on the role of the exit channel long lived states, which provide the rich resonance pattern exhibited by this reaction. Furthermore, complete S matrix results will be employed for the theoretical interpretation of existing experimental information on state-to-state integral and differential cross sections.
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